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I. INTRODUCTION 
I n  recent  years  t he re  has been considerable  emphasis placed on 
developing techniques t o  remotely measure t h e  v e l o c i t y  o f  con- 
fined and f r e e  f l u i d  flows (such a s  atmospheric, oceanic ,  wind 
tunne l ,  blood, pipe,  and channel flows, e t c . ) .  The l a s e r  Dopp- 
l e r  and acous t ic  Doppler a r e  two techniques which w i l l  be ex- 
amined i n  t h i s  paper. Both techniques a r e  based on the  Doppler 
e f f e c t .  The Doppler e f f e c t  i s  the  f a c t  t h a t  t he re  i s  a change 
i n  frequency with which energy reaches a r ece ive r  when the  re-  
ce iver  and the energy source a r e  i n  motion r e l a t i v e  t o  one 
another.  I n  the  cases  of the l a se r  and a c o u ~ t i c  Doppler sys-  
tems,energy is  t ransmit ted t o  a moving s c a t t e r c r  ( t r a c e r )  which 
then becomes a source and the  energy i s  t ransmit ted i o  a re -  
ce iver .  Major e f f o r t s  i n  the development o f  the l a s e r  and 
acous t ic  Doppler systems have been under way s ince  the 1960's 
[1,2,3]. It i s  the i n t e n t  of t h i s  paper t o  s k i p  the develop- 
mental years  o f  these  systems and present  the techniques which 
a r e  present ly  employed and the  r e s u l t s  which they a r e  obtaining.  
11. BACKGROUND AND BASIC PRINCIPALS 
The technique of using Doppler anemomtry i s  based on the  f a c t  
t h a t  r ad i a t i on ,  acous t i ca l  o r  electromagnetic ( l a s e r ) ,  passing 
through a f l u i d  i s  sca t t e r ed  by t r a c c r s  i n  the f l u i d .  ( I n  the 
case of  l a s e r  Doppler systems the  s c a t t e r i n g  occurs due t o  
p a r t i c l e s  suspended i n  the f l u i d .  I n  the case  of acous t i ca l  
Doppler,the s c a t t e r i n g  may occur due t o  temperature o r  ve loc i ty  
gradients . )  The sca t t e r ed  r ad i a t i on  contains  information on 
the ve loc i ty  of  the  t r a c e r s  from which the  r ad i a t i on  was sca t -  
tered.  
The information on the v e l o c i t y  of  the  t r a c c r  manifests i t s e l f  
by frequency s h i f t i n g  the r ad i a t i on  s t r i k i n g  the t r ace r .  The 
amount t h a t  the source frequency i s  sh i f  tcd , ~f , upon s t r i k i n g  
the  t r a c e r  and re turn ing  t o  3 rece iver  i s  c a l l ed  the Doppler 
h i f t  o r  Doppler frequency and i s  cxprcsscd mathematically as:  
where 7 is  the  ve loc i ty  vec tor  of - the t r a c e r ,  1 is the wave- 
Length o r  the source r ad i a t ion ,  e s  i s  a u n i t  vec tor  along the  
sca t te red  r ad ia t ion  (a u n i t  vec tor  from the s c a t t e r i n g  source 
t o  th2 rece iver ) ,  and ei i s  a u n i t  vector  along the inc ident  
r ad i a t ion  (a u n i t  vec tor  from the  source t o  the t r ace r ) .  
From Eq. 1 it i s  noted t h a t  a s ing le  Doppler system gives a 
one-dirnensional ve loc i ty  measurement and the ve loc i ty  component 
mzasured l i e s  along a vector  b i sec t ing  the angle betwee- the  
incident  and sca t te red  rad ia t ion .  Figure 1 presents  a three-  
dimensional view of  a s ing le  rad ia t ion  Doppler system. I n  the 
Figure 1 case the axes a r e  or iented such t h a t  the ve loc i ty  
component sensed by the system l i e s  along the z axes. Thus, 
any motion i n  the  x-y plane would not  be detected by the Dopp- 
l e r  system. The use of addi t iona l  Doppler systems would allow 
2 o r  3 dirnensiona 1 ve loc i ty  measurements, however. 
FIGURE 1. A THREE-DIMENSIONAL VIEW OF A SINGLE 
RADIATION DOPPLER SYSTEM NOTE: THE PLANE 
FORMED BY THE LINES OF THE INCIDENT RADIATION AND 
SCATTERED RADIATION IS NORMAL 'Il THE x-y PIANE. 
Figure 2 presents a plane view of a s ing le  Doppler system. 
Here, a g a i n , i t  is noted t h a t  the ve loc i ty  sensed i s  p a r a l l e l  t o  
the b isec tor  of the  incident  and sca t t e r ed  rad ia t ion .  I n  terms 
of the angles given i n  Figure 2 ,  Eq. 1 may be wr i t ten :  
(V cos 8)  (2 s i n  0) A f  = ?, 7 
where B i s  the angle between the t o t a l  v e l o c i t y  vector  and the 
b i sec to r  of the incident  and sca t t e r ed  r ad ia t ion  and 8 i s  the 
angle between the incident  and sca t t e r ed  rad ia t ion .  
I n  terms of the  ve loc i ty  measured, Vm, Eq. 2 may be wri t ten:  
- 
Vm = V cor 5 = Lf A 2 s i n  812 
, VELOCITY COMPONENT PARALLEL TO 
FIGURE 2 .  PLANE VIEW OF A SINGLE RADIATION DOPPLER 
S Y S E M  -NOTE: ONLY THE COMPONENT OF VEIDCITY PARALLEL 
TO (e, - e i )  I S  DETECTED. 
If one measures pure backscatter ( i .  e .  , the sca t te red  rad ia tkn  
i s  r iasured  along the same paths a s  the r ad i a t ion  was aent o u t ,  
0 = 180% E q .  3 becomes 
Vm , ( f o r  5 = 180') 
Eqs. 1 through 4 g ive  t h e  b a s i c  equa t ions  f o r  a s i n g l e  Doppler 
system. A s  w i l l  be shown l a t e r ,  the  use o f  t h r e e  s e p a r a t e  
Doppler s i g n a l s  can g ive  t h e  i n v e s t i g a t o r  & means t o  d i r e c t l y  
measure t h e  t h r e e  dimensional flow f i e l d .  
111. U S E R  DOPPLER 
The l a s e r  Doppler, g e n e r a l l y  r e f e r r e d  t:, a s  a l a s e r  Doppler 
velocimeter  (LDV),measures t h e  Doppler frequency s h i f t  i n  
l a s e r  l i g h t  caused by moving p a r t i c l e s  s c a t t e r i n g  t h e  l i g h t .  
This frequency s h i f t  i s  r e l a t e d  t o  t h e  wave length  o f  t h e  l i g h t ,  
t h e  geometr ical  d i r e c t i o n  o f  t h e  s c a t t e r e d  l i g h t ,  and t h e  ve- 
l o c i t y  o f  t h e  p a r t i c l e s  producing t h e  s h i f t .  Eqs. 1 through 
4 g ive  t h e  Doppler frequency a s  a f u n c t i o n  o f  wavelength, 
d i r e c t i o n ,  and v e l o c i t y  of the  t r a c e r .  For a p a r t i c u l a r  test 
con£ i g u r a t i o n  the  l a s e r  wavelength and geometrica 1 s c a t t e r i n g  
d i r e c t i o n  a r e  given.  Knowing the  l a s e r  wavelength an1 t e s t  
geometry, t h e  measuring o f  the  Doppler frequency s h i f t  a l lows 
t h e  c a l c u i a t i o n  of t h e  s c a t t e r i n g  sources  v e l o c i t y .  I n  t h i s  
c a s e  t h e  s c a t t e r i n g  source  is g e n e r a l l y  p a r t i c l e s  imbedded wi th-  
i n  t h e  flow. The p a r t i c l e  v e l o c i t y  i s  t h e n  r e l a t e d  t o  t h e  f l u i d  
flow i n  which t h e  p a r t i c l e  i s  suspetrded. I f  t h e  p a r t i c l e  i s  
very  smal1 , i t  i s  genera l ly  considered t o  move d i r e c t l y  w i t h  
t h e  f l u i d  surrounding t h e  p a r t i c l e .  
I n  genera l  a measurable Doppler frequency i s  obtained by 
e i t h e r  (1) mixing t h e  s c a t t e r e d  l a s e r  l i g h t  wi th  some o f  t h e  
l o c a l  o s c i l l a t o r  ( o r i g i n a l  l a s e r )  l i g h t  on a photodetector  o r  
(2)  s p l i t t i n g  t h e  o r i g i n a l  l a s e r  beam and making t h e  d u a l  beams c r o s s ,  
s e t t i n g  up a f r i n g e  p a t t e r n  i n  space and sensing p a r t i c l e  s c a t -  
t e r i n g  t h a t  comes from t h e  f r i n g e  p a t t e r n  on a photodetector .  
The system which mixes (or bea t s )  the  s c a t t e r e d  l i g h t  wi th  
some of t h e  l o c a l  o s c i l l a t o r  (LO) l i g h t  on o photodetector  i s  
c a l l e d  a re fe rence  beam o r  l o c a l  o s c i l l a t o r  system. Figure  3a 
shows a forward s c a t t e r  r e fe rence  beam system [ 4 ] .  Note t h a t  
both  t h e  l o c a l  o s c i l l a t o r  ( l a s e r  beam) and r e c e i v e r  o p t i c s  a r e  
focused such t h a t  only s c a t t e r i n g  from t h e  f o c a l  volume i s  
sensed on t h e  photodetector .  I n  the  c a w  of Figure  3a t h e  
photodetector  i s  shown a s  a pho tomul t ip l i e r  (PMT). 
I n  t h e  re fe rence  beam system t h e  mixing ( o r  bea t ing)  o f  t h e  
s c a t t e r e d  l i g h t  and LO occurs  on the  photodetector .  The mixing 
o f  two waves of d i f f e r e n t  f requencies  produces a f u n c t i o n  o f  
the  sum and d i f f e r e n c e  o f  the  two f requenc ies .  Only the  
ORIGINAL PAEIBI fs 
OF POOR QU- 
FIGURE 3. SCHEMATIC 
ARRANGEMENTS 
. . 
OF DIFFERENT LDV SYSTEM 
frequency d i f f e r e n c e  i s  low enough t o  be d e t e c t e d  by t h e  photo- 
d e t e c t o r .  Th i s  frequency d i f f e r e n c e  i s  known a s  the  Doppler 
frequency and i s  d e t e c t e d  by t h e  photodetector  due t o  an  a p p a r e r . ~  
f r i n g e  p a t t e r n  moving a c r o s s  t h e  de tec to r ,  t h a t  i s  t h e  d e t e c t o r  
a r e a  i s  impacted by r a d i a t i o n  whose amplitude i s  d r i v e n  by t h e  
Doppler frequency. 
I n  t h e  d u a l  beam system t h e  o r i g i n a l  l a s e r  beam i s  s p l i t ,  sepa- 
ra ted,and then  both  beams a r e  focused so a s  t o  c ross  a t  some 
p o i n t  i n  space.  Where the  beams c r o s s ,  a f r i n g e  p a t t e r n  i s  
e s t a b l i s h e d  which a p a r t i c l e  encounters  a s  i t  passes  through t h e  
f o c a l  volume. 
A s  the  p a r t i c l e  passes  through t h e  f r i n g e  p a t t e r n ,  t h e  i n t e n s i t y  
o f  the  s c a t t e r i n g  i s  d i c t a t e d  by whatever p o r t i o n  of the  f r i n g e  
p a t t e r n  t h e  p a r t i c l e  i s  i n .  Figure  3b g ives  a schematic o f  a 
forward s c a t t e r  f r i n g e  system. The r e c e i v e r  o p t i c s  i n  t h e  
d u a l  beam system a r e  focused on t h e  volume where tlje two beams 
c r o s s .  Figure 3c i s  a schematic of a dua l  beam r e f e r e n c e  sys-  
tem which i s  a combination of the  dua l  beam and r e f e r e n c e  beam 
systems. 
In these  f i r s t  examples, we have bea t  two s i g n a l s  toge ther  t o  
produce a d i f f e r e n c e  frequency which was r e l a t e d  t o  p a r t i c l e  
v e l o c i t y .  It should be pointed o u t  t h a t  i f  t h e  s i g n a l s  a r e  
bea t  t o g e t h e r ,  a s  descr ibed t o  th:s p o i n t ,  an ambigui ty- in  
d i r e c t i o n  of 180° i s  p r e s e n t ,  t h a t  i s ,  the  d i f f e r e n c e  i n  f r e -  
quency o f  t h e  s c a t t e r e d  r a d i a t i o n  and o r i g i n a l  l a s e r  r a d i a t i o n  
would be t h e  same whether t h e  p a r t i c l e  was moving i n  a g iven  
d i r e c t i o n  o r  moving i n  a d i r e c t i o n  t h a t  was e x a c t l y  oppos i t e  
(180°). This d i r e c t i o n  ambiguity can be c o r r e c t e d ,  however, by 
frequency s h i f t i n g  t h e  M ( o r i g i n a l  l a s e r  source l i g h t ) .  Frc- 
quency s h i f t i n g  (o r  t r a n s l a t i n g )  t h e  LO cauhss a p a r t i c l e  wi th  
no v e l o c i t y  t o  produce a d i f f e r e n c e  (Doppler) frequency equa l  
t o  t h e  amount t h a t  t h e  LO was s h i f t e d .  Figure 4 gives  a sche- 
matic t o  show t h e  e f f e c t  o f  frequency t r a n s l a t i o n  2f the  o r i g i -  
n a l  l a s e r  l i p h t .  The frequency t r a n s l a t i o n  may be accomplished 
by s e v e r a l  methods such a s  s c a t t e r i n g  the  W ( o r i g i n a l  l a s e r  
l i g h t )  o f f  a t a r g e t  moving a t  a cons tan t  r a t e  o r  s h i f t i n g  t h e  
LO by means o f  an acous to -op t ica l  t r a n s l a t o r .  The l a t t e r  
appears  t o  be t h e  super io r  method. I n  the  acous to -op t ica l  
method, the  LO i s  passed through a c r y s t a l  o r  l i q u i d  which i s  
a c o u s t i c a l l y  exc i t ed .  P a r t  of t h e  U) i s  s h i f t e d  by some angle  
6 and t r a n s l a t e d  i n  frequency. The most common o f  t h e s e  sys -  
tems i s  c a l l e d  a Bragg c e l l  and i s  i n  many of the  small  commer- 
c i a l  l a s e r  Doppler systems. Tl,.:.;e systems o p e r a t e  i n  the  v i s i b l e  
spectrum and g e n e r a l l y  employ a . qlium-neon l a s e r  wi th  a 0.632Q 
wavelength. P resen t ly  Marshall  ">ace F l i g h t  Center i s  having 
t r a n s l a t o r s  developed f o r  t h e i r  i n f r a r e d  l a s e r  Doppler systems 
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a) SCHEMATIC OF DOPPLER RETURN WITHOUT TRANSLATOR 
FREOUENCY 
FREOUENCY 
1,) SCHEMATIC OF DOPPLER RETURN WITH TRANSLATOR 
FIGURE 4 .  SCHEMATIC OF DOPPLER RETURN WITH AND 
WITHOUT FREQUENCY TRANSIATOR 
( 1 0 . 6 ~  wavelength). The reason one uses a  t r a n s l a t o r  
r a t h e r  than  a c t u a l l y  measuring t h e  l i g h t  f requenc ies  i s  t h a t  
t h e  f requenc ies  a r e  extremely l a rge .  For example take the  
Argon l a s e r ,  a  common l a s e r  used i n  l a 3 c r  Doppler r e s e a r c h ,  
whose s t r o n g e s t  l i n e  i s  a t  0.514% 0.514' .0-6 m) . Th:! frequency 
one would measure i s  equa l  t o  the  speed o f  l i g h t  d ivided by the  
wavelength ; t h a t  i s ,  (299,860,000 mlsec) f(0.5 1 ~ 5 x 1 0 ' ~  m) = 5 . 8 2 8 ~  
1 0 ~ ~ ~ 2 ,  which would be d i f f i c u l t  t o  measure wi th  the  accuracy 
needed t o  de f ine  t h e  flow measurement. The measured Doppler 
s h i f t  f o r  a  backsca t t e r  measurement, Eq.  4 ,  f o r  a  measured ve- 
l o c i t y  o f  1 meter lsec  would be: Af = 2 ~ m  = L2) l  m!sec = 
- 
@.5145xlObm\ 
3 . 8 9 ~ 1 0 ~ ~ ~ .  Therefore ,  the  measurement -accuracy would have t o  
be a f /  j = 6 . 6 7 ~ 1 0 ' ~ .  
Another d i f f i c u l t y  could a r i s e  i n  t h a t  t h e  l a s e r  wavelength 
could change s l i g h t l y  wi th  time. Thus, the  bea t ing  technique 
i s  considered t o  be t h e  most p r a c t i c a l  ~t t h e  p resen t  time. 
Another d i f f i c u l t y  t h a t  i s  cormnon t o  most l a s e r  systcms i s  t h a t  
t h e  d i s t a n c e  t rave led  between t h e  LO beam and t h e  s c a t t e r e d  
l i g h t  nust be w i t h i n  the  coherence l i m i t s  of  t h e  l a s e r .  That 
i s ,  l i g h t  which i s  emit ted  and then mixed wi th  l i g h t  which was 
emi t t ed  a t  a  time such t h a t  the  d i f f e r e n c e  i n  t h e  path lengths  
is  g r e a t e r  than t h e  coherence l eng th  o f  t h e  l a s e r  may not  beat  
proper ly .  The coherence length f o r  a helium-neon lase1 may be 
20 cm t o  s e v e r a l  k i lomete r s  L51; the  c o h e r e x e  length  of an argon 
l a s e r  is  abcut 10 cm @hich may be increased tc  :O meters us ing an e t a l a n )  
whi le  a C02  l a s e r ' s  coherence length  may be s e v e r a l  k i lometers .  An 
e t a l o n  i s  an o p t i c a l  device  which i s  g e n e r a l l y  placed i n  the  
l a s e r  c a v i t y  t o  b e t t e r  s e l e c t  t h e  p o l a r i z a t i o n  and wavelength 
t h a t  t h e  c a v i t y  a m p l i f i e s  and emi t s .  
The d e t e c t o r  i n  the  l o c e l  o s c i l l a t o r  case  has the  s c g t t e r e d  
r a d i a t i o n  and the  loca 1 o s c i l l a t o r  r a d i a t  icm impacting on i t s  
s u r f a c e  simultaneously.  I f  the  r a d i a t i o n  from the  l o c a l  o s c i l l a -  
t o r  i s  given by s i n  2 n f o t ,  the s c a t t e r e d  r a d i a t i o n  could be given 
by s i n  [ ~ f o t + ~ ~ f o t ~ ] .  The c u r r e n t  ou tpu t  from t h e  photodetec- 
t o r ,  iD, i s  propor t iona l  t o  t h e  square of the  i n c i d e n t  r a d i a t i o n .  
That i s :  
2 NOTE: s i n  a = 1 - c0s2 . 
2 
However, hifo Is t l i g h t  frequency toohigh t o  be followed by t he  
de tec tor ;  thus only the mean value o f  the f i r s t  ter3 on the  
r i g h t  i s  seen by the  de tec tor  and Eq. 5 i s  reduced to: 
Zhus the  only freque: y sensed by t h e  de t ec to r  i s  &f& which i s  
the  d i f fe rence  o r  Doppler ? equency . 
A. GENERAL TYPES OF U S E R  DOPPLER SYSTEMS 
Br isf Sescr ip t ions  of  two con£ igu ra t  ions ,  loca 1 o s c i l l a t o r  
(refei-ence bem) and dual  beam, were presented e a r l i e r .  These 
d ~ s c r  l p t i ons  and uses w i  11 be expanded upon ind iv idua l ly  along 
w t t t  the  scanning schemes presen t ly  employed. 
1. b c r '  Osc i l l a to r  Focused Forward S c a t t e r  (CW) Il)V Systems 
-
Figure 3a gives a schematic o f  t he  l oca l  o s c i l l a t o r  
(rcEerence beam) focused forward s c a t t e r  LDV system. Figure 5 
gi.res another vier. of a forward sca t t e r  reference sys t e m .  From 
Eq. 1 ~t can be set8n t h a t  the  IDV systems a r e  l i n e a r  funct ions 
o f  frequency. From tr:is i t  may be shown t h a t  f o r  a s t a t i s t i c a l l y  
s t a t i ona ry  flow a s t l g l e  LDV system may 'h used t o  ob t a in  two 
or th ree  dimensionil  information [4]. 
Thc method cmp , t~yed t o  ~ c t  t w c r  m c l  thr~.t.-.r i I I N . I I S ~ ~ I I : I  1 
informrrtlon From r l  n i n ~ l c  LDV system 1s t ha t  s t ; ~ t l s t l c a l  overages 
crrr m c r r l ~  from sc-r'cral i ndependcnt reccivcr  locutions a t  d i f f e r e n t  
times. Reference 4 shows t h a t  3 independent measurements need 
t o  be taken t o  ob ta in  th ree  dimensional mean Lnformation, s i x  
would be n e c e s s a r y t o  ob ta in  a l l  mean instantaneous c ros s  pro- 
duc ts  (such as U ' V '  and p where U' and V' a r e  t he  v e l o c i t y  
f luc tua t ions  i n  the x and y d i rec t ions ,  respec t ive ly)  and 9 in -  
dependent co r r e l a t i on  measurements would bc necessary for  corre- 
l a t i o n  ca lcu la t ions .  Thc method used is simply t h a t  the Doppler 
frequency may be wr t t t en  7s P l i nea r  funct ion of the t h r ee  veloc- 
i t y  components) i . e . ,  
where 1 is L le wavelength of  the Laser. Af the Doppler frequency, 
a b and c a r e  constants  determined by the geometrical con- 
1' 1'  1 
f igura t ion ,  and V(t) , V ( t )  and W(t) a-e the instantaneous ve loc i ty  
REFERENCE LASER 
BEAM LIES ALONG 
THE Z AXIS 
ANGLE 
FIGURE 5. SCHEMATIC OF npmu, ANGULAR A R R A N G ~ N T  
OF A SINGLE REFERENCE JDV SYSTEM 
components i n  the x,  y ,  and z d i r e c t  ions,  respect ively.  lhus  
i n  a s t a t i s t i c a l l y  s t a t i ona ry  flow one could make th ree  sepa- 
r a t e  mean measurements with the rece iver  a t  th ree  independent 
lcca t ions  , which would give the  experimenter th ree  equa t i  .-s 
with th ree  unknowns. The three  unknowns i n  t h i s  case a r e  U ,  
V, and v, the  mean ve loc i ty  components i n  the x,  y ,  and z 
d i r e c t i o n s ,  respec t ive ly .  Higher order  ve loc i ty  moments would 
requi re  a g rea t e r  number of independent observations as  noted 
above. The experimenter must be c a r e f u l ,  however, i n  t h a t  
the  la rger  the number of equations needed, the g rea t e r  the 
precision of  the  measurements needed. Figure 6 is a schematic 
showing a cause of inaccuracy i n  U)V systems. It i s  shown 
t h a t  the angle sensed is never a l ine  but some small angle, 
d r ,  which means t h a t  the sensed d i rec t ion  is not r e a l l y  a l ine  
r X 
DIRECTION /\ 
SENSED BY 
COLLECTOR TUBE , 
"T d a 
d a 
-
2 
INPUT LASER 
BEAM rn 
___-* - - - - -  
FIGURE 6 .  ANGUIAR ACCURACY LIMITATIONS IN 
A LDV S Y S m  
but some small cone with a cen t ra l  angle of % . This angu, r 
9 
L 
e r r o r  i s  re la ted  t o  what is  ca l led  a Doppler ambiguity caused 
by f i n i t e  t r a n s i t  t i m e  161. George and lumley [6]also point 
out tha t  other e r ro r s  which a r i s e  i n  measuring with Doppler 
systems a re  mean veloci ty gradients and turbulent ve loci ty  
gradients  across the sca t ter ing  volume a long with normal e lcc- 
t ronic  noise. It should be pointed out t h l t  any system with 
a f i n i t e  sensing volume i s  subject t o  e r r o r s  resul t ing  from 
gradients across the sensing volume, from fluctuat ions smaller 
than the sensing volume and from elec t ronic  noise. Thesc types 
of e r r o r s  c 3 ~  become s igni f icant  i f  one attempts t o  ca r ry  the 
accuracy of the measurement toci far, such as  could be the case 
i n  t ry ing t o  define a l l  second moment correlat ions of a t h r e e  
dimensional flow f i e ld  with a s ingle LDV. As noted above, t h i s  
would require nine independent measurements. 
One of the best scanning techniques for a s ingle LDV 
system i s  t o  simply s e t  the opt ics  for  a pa r t i cu la r  range and 
then move the e n t i r e  LDV system which, i n  turnsmoves the sensing 
location. 
In order t o  measure two-or three-dimensional flows,the 
suthor suggests tha t  two o r  three receivers be employed simul- 
taneously. Figure 7 i s  a schematic of a three-dimensional LDV 
2. THE VELOCITV m E N T S  U. V. 
AND W ARE IN  THE DIRECTICWS 
X. Y. AND Z RESPECTIVELV. 
3- DFTECTOR 3 IS IN  THE X-2 PLANE. 
1. THC INCIDENT LA8ER REAM IS IN  
THE RZ  PLAN^ MID AT alanl ANUI I ci 
10 1Ht Y l l f  CtNTERLINE. 
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FIGURE 7 .  SCHEMATIC OF A THREE-0IMENSIONAL LDV AND 
ITS ALIGNMENT RELATIVE TO A PIPE FU)d 
system which was used a t  Marshall Space F l ight  Center [7] .  
Note t h a t  th ree  non-coplaner rece ivers  a r e  employed s inul tan-  
eously. The Doppler output from each de tec tor  may he wr i t t en  
a s  a l i n e a r  funct ion of U(t),  V(t) and W(t), thus d i r e c t l y  
g iv ing  three  equations with three  anknowns which may be solved 
on l i n e  givlng U( t ) ,  V(t),  and W(t) d i r e c t l y  [83. If  Qf l ( t ) ,  
Af2(t), and bf ( t )  a r e  the  Doppler frequencies sensed a t  de- 
t e c t o r  I ,  de tea tor  2,  and de tec tor  3 a t  time k ,  the U(t) ,  V(t) 
and W ( t )  colrponents can be w r i t t e n  as: 
U )  = A i t )  + A Af2(t) + A3 ifj(t) 2 
V(t) = B1 ~ f , ( t )  + B2 Af (t) + B3.f3(t) 
2 (?  1 
where A , B , and C.  r e l a t e  the  ve loc i ty  components t o  the i i 1 
respect ive Doppler s h i f t s .  Figure 8 shows a schematic of  the 
e l ec t ron ic  network f o r  reducing the Doppler s igna l s  t o  the U ,  
V, and W components along with comparing the U component of 
the  UIV system with the  U component measured with a hot  wire 
FIGURE 8. SCHEMATIC DIAGRAM OF ELECTRONIC NEWORK FOR 
COMPARING THE LDV AND HOT W RE SIGNALS (NOTE: e i  IS A 6 VOLTAGE REPRESENTING THE it QUANTITY .) 
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2. Local Osc i l l a to r  fo r  Focused Backscatter (CW) LDV Systems 
The formula for  the  Doppler frequency s h i f t  fo r  t he  
backscat ter  m d e  i s  given by Eqs. 1 through 4. For t he  case 
where the receiver  i s  separated from the  source ( b i s t a t i c ) ,  
t h e  exact  same approaches may be used a s  were employed with 
t he  forward s c a t t e r  l oca l  o s c i l l a t o r .  It should be noted, 
however, t h a t  i n  many cases  the  s i z e  of  p a r t i c l e  t r a c e r s  
s c a t t e r i n g  the  l igh t  is of t he  same order  of magnitude a s  the 
wavelength of  l i g h t  o r  l a rger .  When the above is  the case, 
the  s c a t t e r i n g  i s  termed Mie s c a t t e r i n g  and the  s ca t t e r ed  in-  
t e n s i t y  from the  p a r t i c l e  i s  very much dependent on angle and 
i s  the  most intense i n  t he  forward d i r ec t i on .  The r a t i o  of  
t he  i n t e n s i t y  of  forward s c a t t e r  t o  backsca t te r  (with the  
same angle from the  l i n e  of  inc ident  r ad i a t i on )  may be two 
orders  of  magnitude. Since the  techniques employed fo r  measur- 
ing the Doppler s i g n a l a r e  the  same fo r  the  forward b i s t a t i c  
and backscat ter  b i s t a t i c , t h i s  s ec t i on  w i l l  concern i t s e l f  with 
systems employing co-axial  (monostatic) backscat ter  ( i - e . ,  the  
rece iver  and source op t i c s  a r e  t he  same). I n  the co-axial  
backscat ter  mode the  Doppler s h i f t  i s  defined by Eq.  4. There 
a r e  severa l  advantages t o  using a co-axial  ( m n o s t a t i c )  focused 
backsca t te r  system. Some of these are:  (1) the same op t i c s  
a r e  used for  focusing the t ransmit ted and received rad ia t ion ;  
( 2 )  s i nce  the same o p t i c s  a r e  used f o r  t ransmi t t ing  and rece iv-  
ing , there  is no need t o  a l i g n  two beams t o  c ross  i n  space 
(dual-beam system) nor t o  a l i g n  the  rece iver  foca l  volume with 
the  LO foca l  volume ( b i s t a t i c  LO); (3) the Doppler s h i f t  comes 
from the component of v e l o c i t y  along the  a x i s  of the beam end 
thus there  i s  no angular dependence of  the Doppler s h i f c .  
Some disadvantages of  the  co-axial  LDV system are: 
(1) spac i a l  r e so lu t ion  i s  poorer than i n  the b i s t a t i c  case 
and (2 )  more soph i s t i ca t i on  i n  op t i c s  i s  general ly  required.  
Figure 11 i s  3 schematic of a co-axial  focused backsca t te r  
LDV system with scanning c a p a b i l i t i e s  which w i l l  be explored 
l a t e r .  
Figure 12 gives  the  comparison of the r e so lu t ion  of 
LO-axia l ,  b i s t a t i c ,  and pulsed C02 LDV systems. 
Because of the long coherence length of the C 0 2  l a s e r ,  
i t  has been used i n  the development of co-axial  LDV systems 
f o r  measuring atmospheric flows [9,10]. 
Figure 13 and 14 show on-line comparisons of atmospheric 
v e l o c i t i e s  by a CO co-axial  LDV system and prope l le r  3nemome- 
t e r  a t  ranges of 66 meters and 200 meters.  It should be noted 
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t h a t  t h e  volume sensed by t h e  cup anemometer and t h e  C 0 2  co- 
a x i a l  LDV system a re ,  i n  g e n e r a l ,  d i f f e r e n t .  The component 
o f  wind v e l o c i t y  measured wi th  t h e  anemometers and LDV system 
were t h e  same. 
Since t h e  co-ax ia l  system g ives  only t h e  a x i a l  component 
o f  v e l o c i t y ,  t h r e e  such systems coaid  be s laved toge ther  t o  
produce o u t p u t s  which could g ive  t h e  three-dimensional v e l o c i t y  
f i e l d  a t  a  given f o c a l  volume i n  space.  This would be v e r y  
s i m i l a r  t o  what was done f o r  t h e  forward s c a t t e r  th ree - rece iver  
case  which was discussed e a r l i e r .  
Another conf igura t ion  o f  t h e  co-ax ia l  CO LDV system 2 
which has  been employed a t  Marshall  Space F l i g h t  Center i s  a 
c o n i c a l  scanning scheme [9,10]. A s i n g l e  e lect romagnet ic  
system wi th  a  c o n i c a l  scanning scheme has  been used previously  
wi th  r a d a r  [ll]. Figure 15 g i v e s  a schematic of a c o n i c a l  
scan and the  ou tpu t  from a  c o n i c a l  scan.  
Figure 16 shows a  comparisor. of  the  h o r i z o n t a l  wind 
measured wi th  a  c o n i c a l  scanning C 0 2  co -ax ia l  LDV and a  cup 
anemometer. The c o n i c a l  scan conf igura t ion  appears t o  have 
g r e a t  p o t e n t i a l  f o r  measuring atmospheric v e l o c r t i e s  near  the  
ground. The u s e f u l  range of such a syFtcm is  probably up t o  
500 meters .  
Ranging t h e  f o c a l  volume i n  the  co-ax ia l  system is  
accomplished by moving t h e  secondary. The ranging of t h e  
f o c a l  volume from 20 meters t o  300 meters can e a s i  l y  be per-  
formed i n  l e s s  than  one second. P r e s e n t l y  MSFC i s  us ing  co- 
a x i a l  C 0 2  LDV systems and scanning i n  range and e l e v a t i o n  while 
measuring atmospheric phenomena (such a s  a i r p l a n e  v o r t e x  lo-  
c a t i o n  and wind f i e l d s )  . 
3. Pulsed Co-axial LDV Systems 
The pulsed co-ax ia l  LDV systems a r e  s i m i l a r  t o  t h e  
co-axia l  systems mentioned above except t h a t  range l o c a t i o n  
i s  performed by g a t i n g  t h e  Doppler r e t u r n .  Figure  12 shows 
t h e  approximate l o c a t i o n  where range r c s o l u t i o n  f o r  the  pulsed 
system becomes b e t t e r  t h a n  t h e  co-ax ia l  o r  b i s t a t i c  CW cenf igu-  
r a t i o n s .  MSFC has  been developing a  pulsed co-ax ia l  CO W V  
system t o  d e t e c t  c l e a r  a i r  turbulence.  For t h e  c l e a r  a t r  de- 
t e c t i o n  system t h e  pulse  length  i s  between 4  and 10 u s e c ,  
and i s  pulsed a t  a  r a t e  o f  140 t o  160 times per  second. 
4 .  Dual Beam (CW) LDV Systems 
-
The dua l  beam system em lcys  t h e  use of two beams ! c r o s s i n g  i n  space s e t t i n g  up a  r f n g e  p a t t e r n .  When a  p a r t i c l e  
FIG. 15s VAD SCAN CONFIGURATIOP: 
VELOCITY 
I 
f lG 15b AZIMUTH ANGLE DEPENDENCE OF MEASURED V E I  Or lTY COMPONENT 
FIGURE 15. SCHEMATIC OF A CONICAL SCAN AND OUTPUT 
FROM A CONICAL SCAN 
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passes through the f r inge  pa t t e rn  l i g h t  is  sca t te red  i n  a l l  dire=- 
t i o n s ,  the  frequency of  which i s  determined by Eq. 1. A gene- 
r a l  dual-beam configurat ion was shown i n  Figure 3. The dual- 
beam systems have the  advantage t h a t  when t h e  beams a r e  crossed, 
the  Doppler frequency may be megsured from any loca t ion  i n  
space. That is, the  Doppler s h i f t  i s  a funct ion of  t he  angle 
o f  i n t e r s e c t i o n  of the  beams. However, i t  should be noted t h a t  
s c a t t e r i n g  i n t e n s i t y  and thus i n t e n s i t y  received a t  a photo- 
de t ec to r  may be very much dependent on spac i a l  loca t ion  of  t he  
de t ec to r .  I n  general the forward s c a t t e r  i s  much s t ronger  
than the  backscat teq a s  i s  ind ica ted  from M i e  s c a t t e r i n g  theory. 
Another advantage of the  dual-beam system is  t h a t  i t  m a s u r e s  
d i r e c t l y  the t ransverse ve loc i ty  c~mponent~whereas  t n e  co-axial  
system measures the a x i a l  component. These systems a r e  gene- 
r a l l y  employed i n  the  laboratory where t h e  range from t h e  l a se r  
t o  t he  crossing point ( f r inge  a rea)  is small (general ly  less 
than two meters). One of  t he  drawbacks o f  t he  system i s  the  
f a c t  t h a t  a s  you increase range i t  becomes increas ing ly  d i f f i -  
c u l t  t o  a l i g n  t he  system so t h a t  t he re  i s  an ac tua l  c ross ing  
o f  the  two beams. Also, s ince  t he  o p t i c a l  path of  the  two 
systems i s  d i f f e r e n t ,  the  l oca l  index of r e f r a c t i o n  along each 
beam path could change and cause the  beams t o  wander s l i g h t l y  
i n  time. Similar problems would occur should o w  attempt t o  
focus a rece iver  and a l a se r  a t  the same point  in space. Be- 
cause of these d i f f i c u l t i e s  i t  i s  e a s i e r  t o  employ a co-axial  
system f o r  atmospheric use a t  the  present  time. 
5 .  Single P a r t i c l e  Dual-Beam U)V Systems 
Single-particle,  dual- beam Doppler systems a r e  presen t ly  
being developed a t  Ames Research Center. The concept is  t o  
examine the  s t a t i s t i c s  o f  each p a r t i c l e  t h a t  passes through 
the f r inge  pa t te rn .  Se lec t ive  sampling e l ec t ron i c s  a r e  used 
t o  e l iminate  s igna l s  produced by p a r t i c l e s  t h a t  do not pass 
d i r e c t l y  through the f r inge  pa t t e rn  e r  s i gna l s  produced by 
m l t i p l e  p a r t i c l e s  passing through the f r i nge  pa t t e rn  simultaneous- 
ly. Since no continuous s igna l  i s  achieved by t h i s  method, 
each p a r t i c l e  ve loc i ty  s t a t i s t i c  is  used t o  develop a probabi l i -  
t y  dens i ty  d i s t r i b u t i o n .  From the  probabi l i ty  dens i ty  d i s t r i -  
bution the s t a t  s t i c s  of the flow f i e l d  a r e  then ca lcu la ted .  
That i s , p -  ?UnP(U) dU,where U is  the  ve loc i ty  of the  par- 
t i c l e ,  P(U) th&'probability d i s t r i b u t i o n  o f  t he  v e l o c i t i e s ,  
and the (-1 i nd i ca t e s  the mean of  the  bracketed quant i ty .  I n  
the continuous output cases ,  time averages would be used. The 
advantage of  a s ing l e -pa r t i c l e  LDV system fo r  wind tunnel  work 
is  t h a t  no seeding of p a r t i c l e s  should be necessary. That is ,  
the  na tu ra l l y  occurring aerosols  should be s u f f i c i e n t  t o  operate 
the system. In  wind tunnel flows,seeding of the flow may be 
necessary to  ob ta in  a continuous s igna l  from the sensing volume 
f o r  continuous types of LDV systems. I n  water o r  i n  the  a t m s -  
phere there  a r e  genera l ly  s u f f i c i e n t  p a r t i c l e s  t o  produce a  
continuous s igna l  from a t y p i c a l  LDV foca l  volume. 
B. TYPICAL WAVELENGTHS AND COmON USES OF IASERS PRESENTLY 
IN USE I N  LDV SYSTEHS 
1. Helium Neon: 
a .  Wavelength: 0.632Q~ ( v i s i b l e )  
b. Uses: Dual-beam systems fo r  sho r t  range systems. 
2. Argon: 
a.  Wavelengths: 0.514% and 0.488Cb (v i s ib l e )  
(NOIG: Thcre a r e  about 8 useable 
l i n e s  i n  an argon laser .  The two 
l i s t e d  above a r e  t he  s t ronges t . )  
b. Uses: Dual-beam systems fo r  sho r t  range systems. 
Dual- beam, s ing l e -pa r t i c l e  sho r t  range 
systems. 
Local o s c i l l a t o r  b i s t a t i c  systems f o r  sho r t  
range. 
a .  Wavelength: 10 .Q  ( inf ra red)  
b. Uses: b c a l  o s c i l l a t o r  b i s t a t i c  and co-axial  
long range ( a t w s p h e r i c  t o  500 m). 
Dual-beam medium range (10 m) 
Pulsed co-axial  long range (atmospheric 
t o  10 km). 
C. CONCLUSIONS AND RECOMMENDATIONS CONCERNING LASER DOPPLER 
SYSEMS 
1. The l a se r  Doppler system measures the ve loc i ty  of  
p a r t i c l e  t r a c e r s  imbedded wi th in  the flow. The p a r t i c l e  ve- 
l o c i t y  i s  then r e l a t ed  t o  thc f l u i d  ve loc i ty .  It is  a n t i c i -  
pated i n  many cases  t h a t  tho p a r t i c l e s  move with the  same 
v e l o c i t y  as  the f l u id  surrounding the p a r t i c l e ,  such a s  was 
shown i n  Figure 10. 
2. The basic  l a se r  Doppler systems present ly  i n  use are: 
a .  b c a l  o s c i l l a t o r  - continuous wave 
b. b c a l  o s c i l l a t o r  - pulsed 
c .  Dua l-beam - continuous wave - continuous s igna l  
d. Dual-beam - continuous wave - s ing le  p a r t i c l e  
r e a l i z a t i o n  
3. Typical scanning methods are:  
Focusing the  Doppler system a t  a  point and then 
moving the e n t i r e  l a s e r  Doppler system t o  move 
the  foca l  point.  
With the co-axial type system, range scanning is 
performed by manually o r  e l e c t r o n i c a l l y  moving 
the secocdary mirror.  A f inger  type scan can be 
performed with t h i s  configurat ion.  By continuously 
v s r y i w  the  point ing angle a l o q  with the mnge, a 
plane may be scanned. 
Using the  co-axial system focused a t  a  given range, 
following scan pa t t e rns  have been used. 
Conical scan: A r o t a t i n g  mirror moves the 
foca l  volume i n  a  c i r c u l a r  path i n  space. 
The three-dimensional ve loc i ty  f i e l d  a t  a 
given e l eva t ion  is  measured with t h i s  method. 
By ranging the  foca l  volume a s  the beam is 
r o t a t i n g ,  ~t i s  a l s o  possible  t o  ge t  a  s p i r a l  
conica l  scan which could give an a l t i t u d e  
ve loc i ty  p ro f i l e .  
Two-point scan: A mirror f l i p s  back and 
for th,  sending the foca l  volume back and fo r th  
between pre-selected points .  The sum and 
d i f fe rence  of the v e l o c i t i e s  measured may be 
used t o  compute a  longi tudinal  and l a t e r a l  
component of  ve loc i ty .  (This scheme has not 
proven very successful  i n  the  pas t . )  
Ranging foca l  loca t ion  with moving mirror:  
A mirror i s  s e t  on an a i r  t rack  such t h a t  the 
mirror is  moving a t  a constant  ve loc i ty  while 
the  l a se r  beam s t r i k e s  the mirror (before the 
foca l  volume). The moving mirror scheme thus 
moves t h e  f o c a l  volume and g i v e s  t h e  same 
e f f e c t  a s  though t h e  system was moving r e l a -  
t i v e  t o  t h e  p a r t i c l e s .  MSFC used t h i s  scheme 
t o  i n v e s t i g a t e  a r t i f i c i a l  fogs a t  an  Arnes 
Research Center fog chamber. 
4. For wind t u n n e l  f lows where a  t r a n s v e r s e  o n e - d i m ~ s i o n -  
a i  v e l o c i t y  i s  needed, t h e  dual-beam systems a r e  used E u e q ~ e n t l y .  
5. A th ree - rece iver  forward s c a t t e r  LO LDV system has  
been used t o  measure (on l i n e )  t h e  t u r b u l e n t  three-dimensional  
~ e l o c i t y  f i e l d  o f  a  f u l l y  developed gaseous p ipe  flow. 
6 .  D i r e c t  comparison of v e l o c i t i e s  measured w i t h  a  ho t  
w i r e  and l a s e r  Lhppler system have been performed and shown t o  
be i n  good agreement. (This does no t  mean,however, t h a t  t h i s  
i s  aiways t h e  case .  The experimenter h a s  t o  be c a r e f u l  t o  be 
conf iden t  t h a t  t h e  p a r t i c l e  ( t r a c e r )  v e l o c i t y  is  t h e  same a s  
t h e  v e l o c i t y  o f  the  f l u i d  around t h e  p a r t i c l e . )  
7.  A l a s e r  Doppler system without  a  frequency t r a n s l a t o r  
has a  d i r e c t i o n  ambiguity of 1 8 0 ~ .  Thc Doppler frequency i s  the  
abso lu te  d i f f e r e n c e  between t h e  frequency o f  the  l a s e r  and 
s c a t t e r e d  r a d i a t i o n .  The u s e  of a  frequency t r a n s l a t o r  a l lows 
t h e  sense  o f  t h e  d i r e c t i o n  t o  be determined. 
8. I n  many wind tur rci  type gas f lows, seed ing  o f  p a r t i c l e s  
may be necessary  t o  r e t r i e v e  a  continuous s i g n n i  from t h e  LDV 
f o c a l  volume. 
9. The use o f  low pass  f i l t e r s  is  recommended t o  e l i m i n a t e  
high frequency no i se .  
LO. Laser Doppler systems have shown e x c e l l e n t  promise a s  
a  v e l o c i t y  measuring t o o l .  The l a s e r  systems a r e  s u p e r i o r  t o  
a c o u s t i c  systems f o r  d e f i n i n g  smal l  ~ e s o l u t i o n  volumes. 
I V .  ACOUSTIC DOPPLER 
The a c o u s t i c  Doppler, l i k e  t h e  l a s e r  Uopplcr, works on t h e  
b a s i c  p r i n c i p a l  t h a t  r a d i a t i o n  i n c i d e n t  on a moving t r a c e 1  i s  
s h i f t e d  i n  frequency i n  accordance wi th  Eqs. 1 through 4 .  The 
t r a c e r s  i n  t h e  na tu rn  l l y  o c c u r r i n g  atmosphere which s c a t t e r  
t h e  a c o u s t i c  r a d i a t i o n  a r e  v e l o c i t y  and temperature g r a d i e n t s .  
That i s ,  the  a c o u s t i c  Doppler system:; me.lsurc the  vc l o c i t y  a t  
which v e l o c i t y  and temperature g r a d i e n t s  a r e  t r n n s l a t c d  o r  
convected through t h e  atmosphere. The equa t ion  f o r  t h e  s c a t t e r  
o f  sound i n  d r y  a i r  is given by B e r m  (1974) 12; as :  
where dG i s  the f r a c t i o n  of t h e  inc ident  acous t ic  power whit\ 
is  sca t t e r ed  by i r r e g u l a r i t i e s  i n  volume, V ,  ( the s c a t t e r i n g  
volume) through an angle  $ i n t o  a cone of  s o l i d  angle d A . 
The s p e c t r a l  i n t e n s i t i e s  of  the  v e l o c i t y  and temperature f luc-  
ua t ions  a r e  given by E(K) and @(K), respect ively,  and the  speed 
o f  sound and mean temperature a r e  given by C and T,respect ively.  
Eq. 9 shows t h a t  the  s ca t t e r ed  acous t ic  r a d i a t i o n  a t t r i b u t e d  
t o  the v e l o c i t y  inhomogeneities i s  dependent on both t h e  s c a t -  
t e r i n g  angle ,  $, (180 - 8) ,  and the  s c a t t e r i n g  angle d-.vided 
by 2,  812 .  The l a t t e r  case shows t h a t  t he  v e l o c i t y  inhomo- 
g e n e i t i e s  produce no s c a t t e r  i n  a complete backsca t te r  mode, - 
0 = 0 .  Using the  f a c t  t h a t  pure backsca t te r  contains  no in-  
formation from v e l o c i t y  inhomogenei t l?~ ,  L r a n  poin ts  ou t  t h a t  
an acous t ic  Doppler i n  pure backscat ter  mode has  the  disadvan- 
tage t h a t  some a reas  of the  atmosphere may not  have s u f f i c i e n t  
temperature grad ien ts  t o  produce a goad Doppler r e tu rn .  
The acous t ic  Doppler may be broken i n t o  two simple c l a s se s .  
They a r e  pulsed and continuous wave. 
1. Continuous Acoustic Doppler 
The continuous acous t ic  systems, a s  the name implies ,  
a r e  operated using a continuous source. To use a continuous 
source,one would l i k e  t o  i s o l a t e  a p a r t i c u l a r  sensing volume 
by focusing, j u s t  a s  was done with the  l a s e r  Doppler systems. 
The focusing could conceivably be performed by employing 
focusing f o r  both the t ransmi t te r  and rece iver  o r  possibly 
j u s t  focusing the  rece iver  on some por t ion  of the t ransmit ted 
beam. A co-axia i (pure backscat ter) continuous acous t ic  Dopp- 
l e r  system appears d i f f i c u l t  a t  present  because the re turn ing  and 
e d t t e d  acous t ic  r ad i a t i on  may not  e a s i l y  be separated a s  was 
t he  case  with the  l a s e r  Doppler. 
Present ly  the most f ea s ib l e  con£ igura t ion  f o r  a con- 
t inuous wave (CW; acous t ic  Doppler system is the b i s t a t i c  con- 
f i gu ra t i on  where the source and rece iver  a r e  a t  s p a c i a l l y  sep- 
arated locat ions.  A s  with the l a se r  Doppler,more than one r ece ive r  
could be employed t o  ob ta in  tw-and three-d iwns iona l  informa- 
t ion .  A schematic of a three-dimensional CW acous t ic  Doppler 
i s  shown i n  Figure 17. 
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The acous t ic  Doppler systems work i n  frequency ranges 
e a s i l y  handled e l ec t ron i ca l ly  (general ly  400-4000 Hz); thus ,  
i t  is  not  necessary t o  use the heterodyning process a s  was 
necessary with the l a s e r  Doppler systems. Instead, it  is  de- 
s i r a b l e  t o  measure the  r e t u r n  frequency d i r e c t l y ,  which allows 
d i r e c t  determination of  the sense of  the  flow. I n  the l a s e r  
Doppler case i t  was pointed ou t  t h a t  beat ing the  s ca t t e r ed  
r a d i a t i o n  with the source r a d i a t i o n  c rea ted  a beat  frequency 
wi th  an ambiguity of 1800 i n  flow d i r e c t i o n  ( i t  i s  noted t h a t  
a frequency t r a n s l a t o r  employed i n  the  source r a d i a t i o n  c o r r e c t s  
the  ambiguity probl . J .  To da t e  i t  has been d i f f i c u l t  t o  s u f f i -  
c i e n t l y  i s o l a t e  the  rece iver  of  the  CW acous t ic  Doppler system 
t o  e l imina te  source n o i s ~  from swamping ou t  the s ca t t e r ed  r a -  
d i a t i on .  
2. Pulsed Acoustic Doppler 
The pulsed acovs ' ic  Doppler system i s  ab le  t o  avoid 
the  contamination of source noise  by simply not sampling u n t i l  
a f t e r  the source noise has passed the  rece iver .  That is, s ince  
the path length taken by the  s ca t t e r ed  acous t ic  r ad i a t i on  is  
longer than the path length from the source t o  the receiver,  
the  t r a n s i t  time f o r  the  s ca t t e r ed  r ad i a t i on  t o  reach t b e  
rece iver  i s  longer than f o r  the  source noise .  The e l imina t ion  
of source noise  i s  shown i n  Figure 18. 
A s  with the  CW acous t ic  Doppler, the  pulsed acobs t ic  
Doppler bene f i t s  from us ing  a b i s t a t i c  configurat ion ins tead  
of a co-axial  system. This is due t o  t he  f a c t  t ha t  i n  t h e  
co-axial  mode only r ad i a t i on  s ca t t e r ed  by temperature grad ien ts  
i s  measured,while i n  t he  b i s t a t i c  mode s c a t t e r i n g  from both 
v e l o c ~ t y  and tem e r a t u r e  grad ien ts  cont r ibu tes  t~ the received 
r ad i a t i on  [ 13-15 5 . A pulsed system with a configurat ion s imi l a r  
t o  t h a t  shown i n  Figure 17 could be used f o r  three-dimensional 
ve loc i ty  measurements. I f  one considers  the  average v e r t i c a l  
ve loc i ty  t o  be s m a l l ,  the  hor izonta l  two-dimensional ve loc i ty  
could be measured by using only two non-coplaner receivers shown i n  
Figure 17. A system as  was j u s t  described has been used i n  
atmospheric research by Beran and C l i f fo rd  of  N O A A [ ~ ~ ] .  Figure 
19 i s  a comparison of  the hor izonta l  atmospheric wind sensed 
a t  an e leva t ion  of 150 meters using a two-receiver pulsed 
acous t ic  Doppler system and a te thered  kytoon (small  blimp 
ca l l ed  Boundary Layer P r o f i l e r ,  BLP) which had sensors  f o r  
measuring hor izonta l  wind. (Figure 19 was taken from reference 
16, courtesy of  D r .  D .  W. Beran of NOAA, Boulder, Colorado.) 
The acous t ic  r ad i a t i on  was pulsed from a v e r t i c a l l y  point ing 
source.  Two rece ivers  forming a r i g h t  angle with the source 
were employed. The e l eva t ion  of the  sensing volume was d e t e r -  
mined by s e l e c t i v e l y  ga t ing  the r e tu rn  such t h a t  only s c a t t e r i n g  


from a pa r t i cu l a r  e leva t ion  would be a r r i v i n g  a t  the rece iver  
during the  sensing time. Gating the r e t u r n  i n  t h i s  way per- 
m i t s  the  rece iver  t o  be non-focused, near ly  accepting acous t ic  
r ad i a t i on  from a general  d i r ec t i on .  
The NOAA systems a s  described by Beran [17] a r e  present-  
l y  employing 3 m p a r a b o l i c  dishes  f o r  rece ivers  and sources.  
The parabolic conf igura t ion  i s  used t o  develop a  near p a r a l l e l  
a cous t i ca l  emission. The emission i s  50-60 wat t s .  Present 
plans a r e  t o  go t o  a  4 m by 4 m a r ray  of 144 speakers wi th  
500-600 wat t s .  The present  r e so lu t ion  volume i s  approximately 
30 m by 30 m using an 0.5-second pulse every 8 seconds. The 
pulse dura t ion  may be shortened i f  there  i s  s u f f i c i e n t  power. 
The source frequency i s  genera1l.y 400-4000 Hz. 
The use o f  acoust ic  Doppler systems i s  a l so  being 
inves t iga ted  f o r  use i n  measuring blood flow L18-201. The 
s c a t t e r i n g  source of i n t e r e s t  i n  t h i s  case i s  thc red blood 
c e l l ,  -1% i n  diameter. The u l t r a son ic  Doppler i s  used for  
nondestruct ive remote inves t iga t ion  of blood flow. The sound 
waves a r e  able  t o  nondestruct ively penetrate  the sk in ,  t i s s u e ,  
and blood ves se l s ,  which a l s o  s c a t t e r  sound a t  the i n t e r f aces  
but ,s ince no motion i s  occurring do not s h i f t  the  frequency 
of  t he  s ca t t e r ed  acous t ic  r ad i a t i on .  Along with the  red blood 
c e l l s ,  the  white blood c e l l s  and p l a t e l e t s  w i l l  a l s o  be s c a t -  
t e r i n g  sources but due t o  the smaller s i z e  and smaller percent- 
age of  mass, the white blood c e l l s  and p l a t e l e t s  do uot c o n t r i -  
bute s i g n i f i c a n t l y  t o  the  received Doppler re turn  [20]. I n  
order  t o  analyze the  depth,a co-axial  pulsed system i s  genera l ly  
used. Figure 20 i s  a  schematic of such a  system. Comparison 
of the  expected flow pa t t e rn  v s  the  u l t r a son ic  Doppler measured 
flow pa t t e rn  f o r  po i se l l e  flcw i n  a 7.2 nnn diameter tube i s  
presented i n  Figure 21a (courtesy of Dr. M. Wells, Colorado 
S t a t e  Universi ty) .  Figure 21b presents  a ve loc i ty  p r o f i l e  i n  
a  horse's a r t e r y  measured with an u l t r a son ic  Doppler system 
(courtesy of D r .  M. Wells, Colorado S t a t e  Universi ty) .  
In  order  t o  get  adequate spac i a l  r e so lu t ion  t o  i n t e r r o -  
gate  flow i n  ve ins  and a r t e r i e s ,  u l t r a son ic  frequencies a r e  
employed. Frequencies used range from 8-20 MHz, and may go 
a s  high as  40 MHz. Some problem areas  associated with t he  
use of a  co-axial  pulsed u l t r a son ic  Doppler system fo r  i n v e s t i -  
ga t i ng  blood flow are :  
(1) The eva lua t ion  of the angle p (see Figure 20). 
(2) Getting a  goid measure of the c ross  s ec t i ona l  
area of the  ves se l  t o  use with the ve loc i ty  t o  es t imate  mass 
flow r a t e .  The r e so lu t ion  of the  system may not be small  com- 
pared t o  the  channel diameter. 
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FIGURE 21. VELOCITY PROFILES MEASURED WITH A 
PULSED ULTRASONIC DOPPLER SYSTEM (COURTESY OF 
DR. M. WEUS, COLORADO STATE UNIVERSITY) 
B. CONCLUSIONS AND RECOMMENDATIONS CONCERNING ACOUSTIC 
DOPPLER SYSTEMS 
1. Present ly  the perfonnan2e of  the  pulsed acous t ic  
Doppler systems appears superior t o  the continuous wave ..coust i c  
Dcppler. 
2. Acoustic Doppler techniques eppear t o  be v i ab l e  candi- 
da tes  f o r  the remote sensing of  the  motion of the temperature 
and ve loc i ty  grad ien ts  i n  f h i d  rnot!.ans . 
3. The a b i l i t y  of  the temperature and v e l o c i t y  inhomo- 
gene i t i e s  t o  follow the mean motion is  the c r i t e r i o n  employ~d 
t o  i n t e r p r e t  the  r e s u l t s  of an acoust ic  Doppler system fo r  use 
as  a mean wind de tec tor .  
4. Pulsed u l t r a son ic  Doppler techniques a r e  presen t ly  
b e i w  used t o  i nves t i ga t e  blood flow i n  x i m a l s .  This -- 
appears t o  be an exce l l en t  area f o r  fu tu re  research i n  both 
pulsed and CW acous t ic  D o p ~ l e r  because of t he  norrkstruct ive 
pene t r ab i l i t y  cf animal t l s s u e  by acous t ics ,  The s c a t t e r i n g  
source producing a Doppler s h i f t  i n  t h i s  case i s  the c e l l u l a r  
f l o r  within the a r t e r i e s  and ve ins ,  
5 .  As with the  l a s e r  Doppler systems,the acous t ic  Dopplez 
measures the ve loc i t ;  of a s c a t t e r i n g  source. The v e l o c i t y  of 
the s c a t t e r i n g  source i s  then s tudied by i t s e l f  o r  i s  i n t e r -  
preted a s  a t r a c e r  of the  surrounding mediumsand the motion 
and s t a t i s t i c s  of the  tracer's ve loc i ty  a r e  used t o  i n f e r  the  
ve loc i ty  and s t a t i s t i c s  of  the medium i n  which the t r a c e r  i s  
embedded. 
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